China's maize productivity and fertilizer consumption both have significant impact on global markets, and must be clarified through macro-level studies of Chinese maize yields. As such, this study used a crop response model to estimate the effects of fertilizer nutrients, seed input per unit area, and climate factors on maize yield. The results suggest that phosphorus and potassium inputs significantly affect maize yield, especially in major maize-producing areas. This study also confirmed the relationship between lower seed input per unit area and a higher yield.
Introduction
According to the Food and Agriculture Organization (FAO), China is the world's second-largest producer and consumer of maize, and as of 2011, the second-largest exporter of nitrogen and phosphorus, and the third-largest importer of potassium. China's maize productivity and fertilizer consumption thus have significant impact on global markets. For example, in order to conserve natural resources, the Chinese government sharply increased export tax rates for chemical fertilizers and raw materials in 2008 (WTO 2010) . Macro-level research on Chinese maize production will thus help to improve domestic agricultural systems, formulate policies on fertilizer use, and offer insight on the future of global markets.
Chinese maize production doubled during the period from 2000 to 2012, with an 18% average annual increase in yield (Fig. 1) . Chemical fertilizer input levels per unit of maize area also increased 6% annually over the same period, likely playing a key role in higher yields. On the other hand, seed input per unit area has been declining since the 1980s in many regions of China due to the expansion of precision seeding, which entails using fewer seeds per hole (Cao 1998 , Na et al. 2013 , Shang et al. 2009 ). Although there have been widespread concerns regarding maize yields in China, it remains unclear how such structural changes have affected maize production at the macro level.
In particular, the effects of individual inputs have not been sufficiently analyzed in previous macro-level studies. For example, such process models as CERES-Maize and Hybrid-Maize have often been used to estimate potential yield, but these models mainly consider meteorological factors (Chen et al. 2012 , Liu et al. 2012 , Xiong et al. 2007 ). Meanwhile, time-series analysis generally assumes that anthropogenic factors can be explained by exogenous deterministic or stochastic trends (Furuya & Koyama 2005 , Lobell 2007 , Tao et al. 2008 .
The macro-level effects of inputs and climate factors on yield are often measured via production functions (Chen et al. 2013 , Holst et al. 2013 , Ma et al. 2012 . Such production functions (derived from a profit-maximization problem) generally encompass labor, land area, fertilizer, and agricultural technology as explanatory variables. For example, Ma et al. (2012) used household data from Hebei Province (covering the period from 2003 to 2010) to show that precipitation in June has a more significant and positive impact on maize yield than other factors, such as the amounts of seed and fertilizer used. However, many production function analyses omit essential factors, such JARQ 50 (1), 63 -71 (2016) nitrogen, phosphorus, and potassium inputs in maize production are calculated using both numeric data and information in policy documents. Then, temperature, precipitation, and sunshine hours during a specific period when these factors are thought to affect maize productivity are estimated based on daily climate data and annual seeding days. The effects of these factors on maize productivity are then estimated through regression analysis. Finally, these effects are expressed in terms of how much each factor contributes to changes in maize yield. Fig. 2 shows the relationships between maize yield and its determinants as assumed in this study. The annual rate of change was calculated using a semi-log regression across time in each region. For example, the annual rate of change in yield (Y) in region i can be described by where, ε is an error term. Subscript i denotes the region and t the year. The annual rate of change (α 1 ) equals dlnY i . The annual rate of change (%) of a given item is decomposed into changes in other items, referred to here as contributions and expressed in percentage points. The decomposed relationships a, b, c, and d in Fig. 2 can be described by Eqs. (1), (2), and (3), respectively: as individual nutrients and seed quantities, or aggregate those factors into other items. As a result, there is a disconnect between analyzing the effects of agricultural inputs and discussing their consumption at the macro level.
Methods

Decomposition of the rate of change
The present study thus focuses on maize yields in China by examining the effects of individual fertilizer nutrients, seed input per unit area, and climatic conditions on maize productivity. First, macro-level data for where, S denotes the quantity of seeds used, A the sown area, F the total quantity of fertilizer used, FP the quantity of major fertilizer products, n h the ratio of such products to total fertilizer input, n h⊂l the ratio of nutrients in each product, which is constant over time, and FN the quantity of fertilizer nutrients used. Subscript h (h = 1,…,9) refers to the products examined: urea, ammonium bicarbonate (ABC), other nitrogen fertilizers (Other N), calcium superphosphate (CAP), other phosphorous fertilizers (Other P 2 O 5 ), potassium chloride (MOP), other potassium fertilizers (Other K 2 O), diammonium phosphate (DAP), and compound fertilizers (Compound). Subscript l denotes the nutrients: nitrogen, phosphorus, and potassium for l = 1, 2, 3.
Estimation of macro-level data for factors impacting maize production
Input quantity data for such nutrients as nitrogen, phosphorus, and potassium in each region (FN) could not be directly obtained. Thus, the data was calculated using the quantities of major fertilizer products used for maize production in each region (FP; NDRC 2005 NDRC -2013 and their nutrient contents (nhcl; DEPG 2006) (Tables 1 and  2 ). The ratio of nutrients to the total amount of compound fertilizer was assumed to be that recommended by the government for the "basal and additional fertilizer application method" (GOMA 2013) .
Climate data (including temperature, precipitation, and sunshine hours in specific periods) were aggregated as needed for the model. To determine the period in which climate data would be aggregated, we first estimated the seeding days of year (DOY) for each provincial-level region based on information from a crop calendar (Meng et al. 2006) , and a map of sowing and maturity days (Zhai et al. 2012) . Second, the silking periods were estimated based on the growing degree days (GDD) accumulated after the seeding DOY (Dixon et al. 1994 , Kaufman & Snell 1997 . GDD estimates were obtained using Method 2 in McMaster & Wilhelm (1997) , along with the daily maximum, minimum, and base air temperatures. A base air temperature of 10°C has been used in many field experiments on maize in China, with the results indicating that the accumulated number of GDD for silking falls within the range of 600 to 1000 for most sites (Chen et al. 2012 , Wang et al. 2013 ). Thus, we estimated the silking periods as being in the 600-1000 GDD range. Observations from 119 meteorological stations available across the area that produces 99% of China's maize (USDA) were averaged for each region. Climate data was also collected for Tianjin, even though it is not within a major maize-producing area. 
Crop response model
The current study used a crop response model to estimate the relationships between maize yield and its determinants, which are often based on data from field experiments (Ackello-Ogutu et al. 1985 , Frank et al. 1990 , Lanzer & Paris 1981 . Unlike in field experiments, however, we must assume the availability of nutrients for each crop, as provided from chemical fertilizer. If fertilizer is applied evenly across the relevant area, area expansion will lead to less dense fertilization, potentially decreasing the availability of nutrients for each crop. In this case, using the crop response model, yield Y can be represented as where, FN/A refers to the nutrients per unit area, M to climate factors, and S/A to seed input per unit area. O represents site-specific conditions related to maize production, such as the variety of seed, soil properties, and cropping method. Subscript m denotes the average temperature, total precipitation, and total sunshine hours for m = 4, 5, 6. It is assumed that neither climate nor sitespecific factors are affected by area (A).
For the estimation, we use the basic linear unobserved effects panel data model (Wooldridge 2010) . The empirical literature has discussed in depth the best functional form to use for a crop response model (e.g., quadratic, Von Liebig, Mitscherlich-Baule) toward reaching the goal of accurately pinpointing the optimal input levels for nutrients and/or water (Ackello-Ogutu et al. 1985 , Frank et al. 1990 , Lanzer & Paris 1981 . However, the number of explanatory variables included in such forms is quite limited and thus insufficient for the purposes of this study. Therefore, comparatively simple functional forms (i.e., linear, semi-log, double-log, inverse, log-inverse forms) were considered as candidates for specifying Eq. (4). We then conducted exploratory estimations to select the most appropriate form. Consequently, the following linear forms were selected based on statistical test results and the significance of coefficients:
where, υ refers to individual effects capturing sitespecific conditions and ϵ is an idiosyncratic error term satisfying the standard assumptions (Wooldridge 2010) . The individual effects term was used to separate effects β l , β m , and β s from the region-specific characteristics represented as O in Eq. (4). The null hypothesis that these individual effects jointly have zero significant impact was tested using an F test. Furthermore, the null hypothesis of no correlation between explanatory variables and individual effects was tested using the Hausman test (Hausman 1978 ). White's standard errors were calculated in cases where autocorrelation and heteroscedasticity were suspect according to the Wald and Breusch-Pagan (BP) tests, respectively. EViews Version 7.2 was used to conduct the tests and estimate the parameters.
To estimate the relationship denoted by d in Fig. 2 , the input elasticity-percentage change in yield (Y i,t ) associated with a 1% change in an explanatory variable-was calculated for each region and year by using the following formula:
where, I refers to the explanatory variables, excluding the constant in Eq. (5). To calculate the average elasticity from 2004 to 2012, time-averaged I, Q, and S were used. The contribution of input I to an annual change in yield Y i,t was estimated based on the annual rate of change of I multiplied by the elasticity values (=dlnI r,i •η r,i ). The contribution of "Others" was obtained from the actual rate of change minus the components' total joint contribution.
Data
This study uses panel data (i.e., pooled cross-sectional time-series data) from 22 major maize-producing provincial-level regions in China from 2004 to 2012 (Table 1) . To estimate the parameters and elasticities of the crop response model, panel data covering 22 regions-nine regions in the North Spring Maize zone, seven regions in the North China Summer Maize zone, and six regions in the Southwest zone-are used (Table  1) . Classification of "Fertil. Region" is aggregated by region in Table 1 to ensure a sufficiently large sample size for analysis. The change in maize yields and the contributions of its component factors are calculated using time-series data, averaging across 18 regions. Four regions (Beijing, Tianjin, Guangxi, and Ningxia) were excluded due to insufficient data. Similar calculations were also made for each region separately, including the four excluded regions.
Data on maize yields (Q/A) and input quantity, including fertilizer products (FP), was collected from official publications (NDRC 2005 (NDRC -2013 . Data on the sown area in each region was obtained from the National Bureau of Statistics of China (NBSC). Data on production and input quantities by region was calculated by multiplying the area by the amount of inputs used per unit area. Daily maximum, minimum, and average air temperatures, precipitation amounts, and sunshine hours from a total of 120 meteorological stations were obtained from the China Meteorological Administration National Meteorological Information Center (NMIC). Fig. 3 shows the input quantities of nutrients from chemical fertilizer used for maize production, where all three nutrients clearly show increasing trends. The input quantity of nitrogen is notably higher than those of the other nutrients. Table 3 lists the estimated DOYs for aggregating the climate data, which are consistent with the number of silking days shown in the agricultural atlas (CCSA 1989) and information from field experiments (Chen et al. 2012 , Liu et al. 2013 , Zhang et al. 2013 . Table 4 lists the descriptive statistics for the 22 major maize-producing regions from 2004 to 2012, along with estimated nutrients and climate data. Table 5 lists the estimation results for the crop response model in Eq. (5). The fixed-effects model, which assumes correlations between explanatory variables and individual effects, was used to estimate the parameters in Eq. (5), as supported by results of the Hausman test (Wooldridge 2010 ). The t-statistics for the regional coefficients (excluding the Southwest) were calculated using White diagonal standard errors, as heteroscedasticity and autocorrelation were suspect based on the Wald and BP tests. The number of sunshine hours was dropped from the model estimation because it made the parameters unstable due to a high negative correlation with precipitation.
Results and discussion
Macro-level input data
Results of the crop response model
For the region overall, the results show significant coefficients on the fertilizer and seed per unit area variables, while those on the climatic conditions are largely insignificant. Previous studies using data covering a longer time period (Furuya & Koyama 2005) or more detailed household-level data (Chen et al. 2013 , Ma et al. 2012 ) report significant effects of temperature and/or precipitation on maize yield. Hence, the insignificant coefficients found here could be simply caused by a smaller dataset. The significant positive coefficients on the fertilizer indicators are consistent with previous macro-level research (Holst et al. 2013 ). The negative coefficient on the seed per unit area variable reflects lower levels of loss in seed inputs. Such an interpretation is supported by information suggesting that precision seeding is spreading in China (Cao 1998 , Na et al. 2013 , Shang et al. 2009 . It is also possible that lower seed or plant density due to using fewer seeds affects yield (Duncan 1984 , Li et al. 2013 , (Wooldridge 2010) . A fixed-effects approach was selected for both models based on the results of the F and Hausman tests. The Hausman test was not conducted for the Southwest region due to limited data. Values of t statistics and p values in all other regions were calculated using White diagonal standard errors. Fixed-effects coefficients not directly related to this paper's discussion are omitted.
Average elasticities by region (2004 to 2012) . "N. China" represents North China. Coefficients with significance levels higher than 20% in Table 5 are omitted. Elasticities of precipitation for the entire region are shown for reference. Yu et al. 2013) , but no such effect could be verified due to unavailable data on density. Table 5 also shows that the significant coefficients vary across regions. Table 6 lists descriptive statistics for the elasticities in each provincial-level region, estimated from Eq. (6) and the coefficients in Table 5 , excluding insignificant values. The elasticities summarized in Table 6 were used to estimate the contribution. Fig. 4 shows the annual average rate of change (in %) and the contributions of the yield components (in percentage points) for the 2004-2012 period. The figure shows that the average annual change in yield (1.8%) can mainly be attributed to a 3.4% decrease in seed input per unit area, and 2.0%, 6.6%, and 11.6% increases in nitrogen, phosphorus, and potassium inputs, respectively. Given the definitions expressed in Eqs. (1), (2), and (3), and in the contribution of input I, the total contribution of each item on the right side of Fig. 4 equals the annual rate of change of that item.
Decomposition of effects on yield
The most substantial contributors among the nutrients are phosphorus (0.5 percentage point) and potassium (0.4 percentage point). Mapping the contributions of each factor shows that the effects of phosphorus and potassium are larger than those of other factors in the major maize-producing areas, the North China Plain, and the northeast region (Fig. 5) . This result, consistent with recent field experiments (Niu et al. 2011 , Tan et al. 2012 , Wu et al. 2013 , underscores the importance of these nutrients for enhancing production. Increases in phosphorus and potassium levels are attributable to 6.6% and 11.6% increases, respectively, in quantities applied per unit area (Fig. 4) . Such high rates of change are mainly brought about by the large contribution of compound fertilizer (4.8 and 10.9 percentage points, respectively), which accounts for a major proportion of the phosphorus and potassium nutrients applied. This result implies that policies supporting deliberate fertilization based on soil analysis (CCCPC & SC 2004 , GOMA 2013 can contribute to maize production by increasing the use of phosphorous and potassium inputs in the major maizeproducing areas.
The contribution of nitrogen per unit of area-for which the yield elasticity is higher than those of phosphorus and potassium-is low (at 0.2 percentage point). This is the result of stagnation in nitrogen input quantities; moreover, the low rate of increase in the use of urea (0.3%), the main source of nitrogen, and the sharp decrease in the use of ABC (-13.3%) are likely to be mainly responsible for the low contribution. The contribution of compound fertilizer to the increase in nitrogen is comparatively small, as only a limited portion of the nitrogen nutrient volume can be attributed to compound fertilizer use.
The contribution of seed input per unit area to productivity is comparatively large at 0.7 percentage point (Fig. 4) . The decrease in seed input per unit area (-3.4%) is apparently related to the rapid increase in seed prices experienced at the time (Kusano et al. 2015) . This suggests that mutual relationships exist between seed price rises, lower levels of seed input per unit area, and higher yields. One possible interpretation of such relationships is that using higher-quality seeds (despite the higher prices) decreases seed loss and increases maize production per unit area. Thus, production was enhanced through technological progress made in seed quality or seeding methods, and thus not only by changes in input quantity.
Conclusion
This study used a crop response model to investigate the effects of fertilizer nutrients, seed input, and climate factors on maize yields in China. First, the effects of nitrogen, phosphorus, and potassium were measured individually. Phosphorus and potassium inputs per unit area could improve productivity, especially in major maize-producing areas where the use of phosphorus and potassium was comparatively limited in the past, though with rapid increases in the amount of compound fertilizer now being used. Second, the relationship between lower levels of seed input per unit area and a higher yield was confirmed by analyzing macro-level data. Considering the significant effects of the nutrients in chemical fertilizers on maize yield, it seems likely that the global fertilizer market will continue to be affected by the growing demand for maize and its production in China. The results of this study support the effectiveness of fertilization plans determined based on soil analysis, and of technological progress made in seeding, such as precision seeding. Many macro-level studies forecasting crop yields assume that cultivation methods and anthropogenic factors are exogenous. The appropriateness of this assumption should be scrutinized, as these trends can be influenced by policies and market conditions. While insightful, this study was subject to several limitations. Although it was assumed that the proportion of fertilizer products (n h ) was set exogenously, it would be possible to provide more concrete policy recommendations if this value was associated with the respective product's price. Analyses of nutrients supplied from organic matter and of carryover nutrients in the soil of multiple-cropping areas would also contribute to a more practical and comprehensive assessment. For now, however, this paper has helped to shed light on key recent trends in Chinese maize production. Values are calculated for each provincial-level region using the coefficients of the North Spring Maize region, North China Summer Maize region, and Southwest region from Table 5 . Coefficients with significance levels above 20% in Table  5 are omitted. Values are in percentage points unless otherwise noted.
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